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Abstract
This thesis aims to examine the effect of volume fraction of solids in collagen-
glycosaminoglycan (GAG) scaffolds on the compressive-strain behavior of the structure and
compare these results to the open-cell foam model. Collagen-GAG (CG) scaffolds have been
used for regenerating skin, conjunctiva, and peripheral nerves with varying levels of success."' 2'3
In these uses, the temporary scaffolds are often deployed with a non-degradable support structure
such as a waterproof film or a silicone neural tube which are removed after healing is complete if
it is outside the body (for skin regeneration) or are expected to remain permanently in the body
(for nerve regeneration).
Unfortunately, leaving non-degradable implants in the body could provoke immune
responses. At the same time, to remove supports that have been implanted in the body after
healing has been completed would result in more injury to the site and other medical
complications. For a truly temporary implant, the scaffold must in its entirety be degradable.
Thus, the bulk mechanical properties of the scaffold are important to study. Previous research
has concentrated on the effects of cells on the scaffolds on a microlevel.4 9 However, the scaffold
must also be able to bear mechanical stress from surrounding tissues to keep the wound open and
provide mechanical support for the body, if, for example, collagen or bone is being regenerated.
Here, the bulk mechanical properties of the scaffold are tested under uniaxial, unconfined
compression. The Young's modulus and critical stress are calculated from the experimental data
and compared to the values predicted by the open-celled foam model. There is very good
agreement between the low density scaffolds, with variability in the results increasing with
increasing density and with hydration of the specimens. Further research should focus on the
Leung, Janet -- 4/39
origins and the effects of heterogeneities observed in the scaffold structures on the mechanical
behavior.
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Introduction
After injury, most tissues in the human body will not regenerate spontaneously. Instead,
wounds close by a process of contraction combined with scar formation. Fibroblasts migrate into
the wound and cooperatively contract to close the wound. As the contraction process continues,
the fibroblasts at the wound edges start differentiating into myofibroblasts which further contract
the wound. Myofibroblasts have actin filament bundles that orient in the direction of greatest
resistance to place more stress on them - thus, the scar that forms has visible direction and
orientation. This process efficiently closes the wound in a short period of time. Unfortunately, it
can also cause loss of function and disfiguration.2 '3 '6' 7
Regeneration of the original tissues only occurs if the contractile process and the
associated scar formation are inhibited. The act of contraction excludes the possibility of
regeneration, since regeneration tends to occur on a longer timescale than contraction. By
inhibiting the contraction through implantation of a temporary or permanent construct, it is
possible to induce a greater degree of regeneration. The implant serves as an analog for the
missing extracellular matrix that is necessary for cell proliferation and regeneration.6 '9
It is the aim of tissue engineers to regenerate the missing organ or tissue, whether
growing a new one in vivo or in vitro. Stem cells are one of the most studied and controversial
regeneration strategies. However, it is probably more feasible both practically and
physiologically to regenerate tissues through the implantation of a temporary scaffold that will
inhibit contraction and allow regeneration to occur. Using a resorbable tissue regeneration
scaffold can avoid limitations such as insufficient source material, disease, and general immune
responses that are posed by the current grafting methods. Clinical applications for a scaffold-
based regeneration template are many. Evidence seems to show that healing models developed
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for specific tissues may be applied to other tissues. Thus strategies successfully employed to heal
the skin of burn victims, such as the Integra Dermal Regeneration Template, may be adapted to
heal injuries in bone and other tissues that are too large for the body to heal spontaneously. 2 3
Factors that help determine the success of a temporary scaffold include biocompatibility,
scaffold degradation mechanism and rate, pore size and interconnectivity, and mechanical
requirements. Previous research has determined that collagen-GAG scaffolds will allow cells to
proliferate and matrix to be synthesized in vitro and in vivo.l-10 This thesis studies the bulk
mechanical properties of low density porous collagen-glycosaminoglycan scaffolds and
compares the experimental data with the open-cell foam model.
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Background
Current Clinical Approaches
Currently, autografts, allografts and xenografts are among the most popular clinical
strategies to replace diseased, damaged, or missing tissues.9' 2 All three methods require a donor
(whether self, living, deceased, or animal) and transplanting natural biological structures.
Autografts involve harvesting tissues from other parts of the patient's own body and
implanting them into the wound area. In the case of bum victims, patches of skin can be removed
from less conspicuous parts of the body and transferred to the wound, where they will integrate
into the surround regions. The area where the tissue was removed will heal on its own, leaving
some scarring at both sites. There is no worry of rejection because the tissue donor is the same as
the recipient. For tissues that do not renew spontaneously, allografts are of limited help because
the tissues at the donor site would not regenerate, causing loss of functionality in the donor
region. Furthermore, the method requires non-diseased and functionally normal donor tissue to
be in sufficient supply. This method is used mostly for bone and skin transplants.
Allografts involve the transplantation of tissues between a healthy human donor (whether
living or dead) and the wounded patient. A healthy person can donate certain tissues and organs
without losing normal functionality or their quality of life. From cadavers, large segments of
bone can be harvested as can a variety of other tissues. However, patients may have to take
immunosuppressive medications for the rest of their lives, as the transplanted tissues will
normally provoke a strong immune response in the patient. Even with medication, the organ can
be rejected. There are also concerns about pathogenic vectors. Bones from cadavers that have
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been de-mineralized and had any remaining cells stripped from the bone can still harbor
pathogens.
Xenografts are grafts between species. For instance, heart valves can be transplanted
from a pig into a human. Immune responses and possible rejection are the major limitations of
xenografts, and there are few tissues that are sufficiently similar between the other species and
humans.
For simpler tissues such as bone or cataracts, there are synthetic, permanent replacements
available. When a hip joint wears out, it can be replaced by a titanium alloy ball-and-stem
apparatus with a polyethylene cup. There are several problems with this method of replacing
damaged tissues. Firstly the native bone may not bond to the implant and instead, the implant
will rub against the tissues in the wound area, leading to further damage. Secondly, even if the
material was initially biologically inert, once in the body, the components can oxidize or erode,
causing unexpected complications such as chronic inflammation and other immune responses
over the years.9
Requirements of a Temporary, Resorbable Scaffold
At the minimum, the entire scaffold must be biologically inert so that there will not be an
immediate rejection of the implant or painful and chronic inflammatory response. Furthermore, it
is beneficial for the implant to actively attract cells from the surrounding tissues into the matrix.
Alternately, cells might be seeded into the scaffold pre-implantation to possibly increase the rate
of regeneration. In either case, the material that makes up the matrix must allow cells to adsorb
onto the surface, as cell migration and mitosis and thus regeneration cannot occur while the cells
are free floating. This can be induced from the inherent properties of the bulk material or by
adding ligands and growth factors to the scaffold. The scaffolds investigated here are composed
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of materials found naturally in the human body - collagen, a protein, and glycosaminoglycan
(GAG), a polysaccharide - that carry no extraneous molecules that could cause an immune
reaction. Furthermore, previous studies have shown that fibroblasts, an important component of
connective tissues, will migrate into and replicate inside collagen-GAG scaffolds without the
need for added receptors for the cells.'l l°
Pore size and interconnectivity are critical variables in the scaffold's efficacy. The
scaffold must have sufficiently large pores and interconnectivity between the pores to allow cells
to migrate into and throughout the scaffold. However, if the pore size is too small, the cells
cannot migrate through the scaffold. If the pore size is too large, then the surface area to volume
ratio is too small to provide binding sites for sufficient numbers of cells to give the required
biological response. The size of the pores can be controlled during the manufacturing process.'
The degradation rate is essential to the success of a temporary scaffold. The scaffold must
undergo controlled degradation into non-toxic and non-inflammatory components that can be
eliminated from the body afterwards. There is an optimal amount of time for a scaffold to remain
intact. If the scaffold degrades faster than that, the wound will heal via contraction and scarring.
If the scaffold degrades too slowly, then the wound healing will be inhibited. The CG scaffold
will degrade naturally over time, and increasing the amount of covalent crosslinking will help
slow down the degradation rate.
Finally, and the subject of this research, the mechanical properties of the scaffold are
important in several ways. The surrounding tissues must not be allowed to collapse into the
wound space, so the scaffold in one sense serves to keep open the wound space. Previous
research has studied the structural stability needed to resist the contraction of cells that migrate
into the scaffold, force that would collapse the scaffold and let the wound space close without
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regeneration.5 Finally, the scaffold must withstand the mechanical stresses placed upon it by the
body: skin scaffold needs to be flexible; bone scaffold needs to bear the load. The strength of the
CG scaffold can be manipulated by changing the relative density and amount of crosslinking of
the scaffold. Gel-based CG scaffolds have also been studied but as they are not solid, require
additional support to hold the wound open while healing occurs, e.g. silicon tubes for neural
studies. It was found that for collagen-GAG gels, only the mechanically constrained gels were
active and resulted in regeneration. 4
Cellular Solids Theory
From examining scanning electron micrographs at both low and high magnifications, it
can be seen that the pores of the scaffold are homogenously distributed throughout the bulk of
the scaffold. They are interconnected and defined by struts as opposed to sheets of collagen-
GAG. Thus, it is proposed that the porous scaffold can be modeled as a cellular solid with an
open-cell structure, with the pores considered as tetrakaidecahedral unit cells.
In open-celled foams, the mechanical properties are influenced only by the cell geometry
and the relative density. Work by Gibson and Ashby13 simplifies the relationship to:
E, Cl C, = 1 Eq. 1
el = - C2 = 0.05 Eq. 2
where E* is the Young's or elastic modulus for the entire scaffold, Es is the Young's modulus for
a strut of the scaffold, C1 and C2 are geometric constants, p is the density of the scaffold, and p,
is the density of the CG solid. The relative density is the ratio of P/Ps and is the most important
determinant of the mechanical properties of a scaffold. Using literature values for the dimensions
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and molecular weight of Type I collagen, the density of collagen is calculated to be 1.3 g/cm3.'4
Since the GAG comprises only a small percent of the scaffold and is expected to contribute very
little to the total density, the density of the CG solid, Ps, was set as the density of collagen. The
Young's modulus of the struts was measured to be 762 ± 35 MPa from the unloading stress-
strain curve of bending tests of individual struts performed using atomic force microscopy by
Brendan Harley. l°
Figure 1 shows the ideal stress versus strain curve for an open-celled elastomeric foam of
low relative density. At low strains, the struts of the foam begin bending and deform elastically.
The Young's modulus, E*, can be calculated from the slope of this region. At slightly higher
strains, the struts begin to buckle elastically. By extrapolating where straight lines drawn in the
two regions will intersect, the critical elastic stress (Gel*) and elastic strain (el*) can be found.
Finally, at high strains, densification of the scaffold commences as the bulk of the material is
compressed, and the stiffness increases rapidly.
b
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Figure 1. Ideal stress-strain curve for the compression of an elastomeric open-celled foam. Image taken from Gibson
and Ashby text 13
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Materials and Methods
Creation of collagen-GAG suspension for low density scaffolds
Five percent by weight collagen was combined with 0.5% by weight chondroitin to create
the standard 0.6% relative density scaffold, referred to as 'lx' density throughout this report. The
double density ('2x') scaffold was made with 10% by weight collagen and 1.0% by weight
chondroitin. The 3x scaffold was made with 15% by weight collagen and 1.5% by weight
chondroitin. Chondroitin 6-sulfate (Sigma Aldrich Chemical Co., St. Louis, MO) was dissolved
in 0.05M glacial acetic acid (Mallinckrodt Chemical Co., Paris, KY) in distilled, de-ionized
water. Type I microfibrillar bovine tendon collagen (Integra LifeSciences, San Diego, CA) was
blended for 90 minutes at 15,000 rpm at 4°C in an Ultra Turrax T18 Overhead blender (IKA
Works, Inc., Wilmington, NC) outfitted with a cooling system (Brinkman cooler model RC-2T,
Brinkman Co., Westbury, NY). The chondroitin 6-sulfate solution was introduced into the
blending collagen dispersion over the course of 15 minutes using a peristaltic pump (Manostat
Cassette Pump, Cat. No. 75-500-000, Manostat, New York, NY).
The slurry was then blended at 15,000 rpm for an additional 90 minutes. Using a vacuum
flask, the slurry was degassed for up to an hour until bubbles in the solution were minimized. If
after an hour there were still a large number of gas bubbles in the bulk of the liquid, the slurry
was refrigerated for a few hours before further degassing. The slurry was then either used
immediately or stored at 4°C. All slurries stored for at least a week were re-blended for at least
15 minutes at 10,000 rpm and degassed again.
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Creation of collagen-GAG suspension for high density scaffolds
For higher density scaffolds, the slurries were too thick to be homogenized with the shear
blender. Instead, a plastic extrusion method was used to mix the slurries. Two syringes were
attached tip-to-tip using a female-female Luer-lock assembly, and the mixture was mixed back
and forth between the syringes for at least 15 cycles or until the samples looked homogenized.
The slurry was considered homogenized when the slurry had an even consistency and the
different components were evenly mixed, i.e. there were no visible clumps of collagen or pools
of acetic acid that remained.
Attempts were made to create five and ten percent relative density scaffolds. Collagen
was placed into a 10mL syringe. Deionized water added to the syringe and the slurry mixed with
forceps. 3.0M acetic acid was injected into the collagen and mixed with the needle. The
chondroitin was vortexed with acetic acid in another syringe. The two syringes were attached,
and the slurry mixed through repeatedly transferring the contents from one syringe to the next.
Despite repeated extrusions, strings of collagen remained. Other methods were tried including
replacing the deionized water with 3.0M acetic acid as the solvent, and injecting the chondrotin
mixture into the collagen mixture. Forceps were used to try to break up the clumps, as was
vortexing of the collagen portion of the slurry. Collagen was also added in portions as opposed to
all at once. None of these attempts led to a slurry that did not have clumps of collagen persisting.
The slurries were then degassed through centrifugation at 45000 rpm at 25°C for 60 minutes in
the Heraeus Labofuge 400R. The slurries were also so thick that they could not be spread evenly
into the freeze-drier mold. SEM imaging showed that the high density scaffolds had very
irregular structures as expected and thus the creation of high density scaffolds was abandoned.
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Inducement of pores
For the low density scaffolds, a 304 stainless steel tray (127mm xl27mm, from VirTis,
Co., Gardiner, NY) that had been cleaned with 0.05M acetic acid and allowed to air dry was used
as a mold. After degassing, 50OmL of the CG suspension was transferred into the pan, and the pan
tapped to evenly distribute the suspension. Air bubbles were removed from the suspension by
using a pipette tip to drag the bubbles to the edge of the pan.
For the high density scaffold, 5mL of the suspension was spread out as evenly as possible
into a small 5mL plastic mold using a spatula.
The freeze-drying protocol devised by Toby Freyman and Brendan Harley to create pores
95.9±12.3pm in diameter was used. The molds were placed in a Genesis freeze-drier (VirTis,
Co., Gardiner, NY). The chamber was cooled at a constant rate from room temperature to -400C
to induce the formation of ice crystals in the suspension. As the crystals grew, the CG solids
were left behind and pores created. The chamber was held at -400C for at least an hour to allow
the ice crystals to grow and stabilize in size. Then, a vacuum of less than 300mTorr was applied
and the temperature raised to 200C where it was held for more than 17 hours to allow the ice to
sublime, leaving behind the porous CG matrix.
Specimen preparation
The samples for scanning electron microscope imaging were cut using a 5mm skin
biopsy punch (Miltex, Inc., York, PA). The mechanical testing was performed on samples cut
using an 8mm biopsy punch (Miltex, Inc., York, PA). For hydrated mechanical testing, the
samples were placed in a phosphate buffered saline solution (PBS, Sigma Aldrich Chemical Co.)
for at least 24 hours before testing and were tested in fresh PBS. All specimens were stored in a
desiccator until immediately before testing.
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Crosslinking of scaffolds
To crosslink the specimens, the scaffolds were placed within partially open aluminum
foil packets and in a 105C oven (Isotemp Model 201, Fisher Scientific, Boston, MA) under
vacuum (-29.7mmHg) for 24 hours. The dehydrothermal crosslinking process creates covalent
crosslinks between the amine group of the collagen and the carboxylic acid group of the
glycoasminoglycan which stabilize the scaffolds and increase their mechanical strength. Because
of the high temperature, this step also sterilizes the scaffolds.
Scanning Electron Microscopy
A LEO VP438 scanning electron microscope (Zeiss, Oberkochen, Germany) was used
for imaging the dry samples. Five millimeter in diameter samples were mounted onto imaging
stubs using graphite tape. No conductive coating was applied to the specimens. Initially, imaging
was performed using standard detection mode under high vacuum on samples. However, as the
samples have an average height of 3mm and the material is non-conductive, charging of the
scaffolds led to poor resolution and only the top section of the scaffold could be visualized. A
narrow cross-section was cut across the diameter of each circular sample to thin the specimen
and create a flat surface to image under SEM. Under backscatter detection mode and variable
pressure mode, the resolution was lower but the entire sample could be imaged at once. The
decision was made to image the specimen in profile by mounting the samples flat and turning the
specimen holder to scan the sample in profile (edge-view) instead of dissecting out a flat cross-
section because cutting twice in such close proximity with a razor was expected caused
extraneous damage on the delicate scaffolds.
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Mechanical Testing
Mechanical testing was performed using a Zwick/Roell Z 2.5 Mechanical Tester
controlled with testXpert version 10.1 software (Zwick/Roell, Ulm, Germany). The 8mm
samples were tested under uniaxial unconfined compression with a 20N load cell (Type KAP-
TC, A.S.T. Angewandte System-Technik GmbH, Dresden, Germany). A strain rate of 0.003
mm/s (approximately 0.1% strain/s) was used to compress the samples to 95% strain. The
unloading force versus displacement curve was measured as the specimen was unloaded from
95% to 60% at a rate of 0.03mm/s. For testing of dry specimens, the strain was computed by the
software as a function of the gauge length as measured from when the load cell first detected a
preload of 0.005N. For the hydrated specimens, a jig consisting of a reservoir for PBS was used
to keep the sample hydrated during testing. A preload could not be used with the hydrated
sample as it would likely deforming the soft hydrated sample. Instead, the platen was brought as
close to the specimen as possible without touching it, and the test started then. The gauge length
was then calculated from the absolute displacement at which the measured force was non-zero.
The apparatus was zeroed before each density of scaffold was tested. A minimum of five
specimens were tested for each density of scaffold.
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Results and Analysis
High density CG scaffolds
To determine how the experimental results agree with the values predicted by the open-
cell foam model, initially, high density CG scaffolds (up to 10% relative density) were created.
However, the processing techniques that have been refined for creating lower density scaffolds
could not be used for these scaffolds since the viscosity was too high for the shear blender to be
of use. Attempts to modify the protocol involved using higher concentrations of acetic acid to
solvate the chondroitin and the collagen, and plastic extrusion to blend the slurry. However, none
of these protocol adaptations led to the collagen fully hydrating and evenly distributing
throughout the slurry. There were always visible clumps of dry collagen, forced into string form
by the extrusion process. Attempts were made to break up the strings using forceps and razors
but clumps of collagen remained that did not hydrate even after allowing the slurry to rest for
hours. Repeatedly decanting the mixture led to further loss of liquid and CG solids. What
remained of the slurry was placed into a 5mL plastic mold to create an approximately lmm thick
sheet. It was observed that the slurry could not be spread into an even layer.
After freeze drying, the scaffold was very brittle. Circular samples were carefully cut
from the scaffold using a 5mm biopsy punch. A micrograph was taken of a scaffold cut once
across the diameter with a razor blade (Figure 2a). A razor blade was used to cut a rectangular
strip out of another sample through its diameter to create a thin, planar cross-section for image
(Figure 2b). The samples were quite brittle, and audible "crunching" noises could be heard as the
razor went through. Comparing the results, it seemed that more damage was done to the sample
with repeated cuts. The perimeter of the open regions look rough, as if there may have been
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struts dividing them into smaller pores that had broken during the repeated cutting procedures. It
was decided that future SEM would be performed on samples cut only with a biopsy punch and
mounted flat on a stub. The stubs were rotated to expose the rounded edge to the SEM beam.
(h
mode (secondary electrons detected). A. Sample was cut only across the diameter and the sample mounted
flat on the stub so that the cross-section is parallel to the stub; the holder was then rotated to expose the
cross-section to the SEM. B. Sample was cut across the diameter with a razor, then cut a second time
parallel to the first cut so that a thin cross-section can be mounted on the specimen stub so that the cross-
section is normal to the stub. Cross-section seems to show more damage to the scaffold.
For both the 5% (Figure 2) and 10% (Figure 3) scaffolds, as expected from the inability
to spread out the slurry evenly, the SEM showed that the scaffolds had thicknesses that varied
greatly throughout even the 5mm length of the cross-section. The pores varied greatly in size and
geometry, from fractions of millimeters to multiple millimeters in length and width. The pores
were also very elongated in the directions parallel to the faces of the specimen instead of being
equiaxed.
(nI
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CG scaffold. A. A specimen cut from a representative region of the scaffold shows how variable and
irregular the thickness is. B. A specimen cut from the flattest region of the scaffold show large, elongated
pores.
Because of the difficulties encountered in manufacturing the high density scaffolds and
the unlikelihood of achieving a homogenized, isotactic scaffold within the time available, the
decision was made to study the 0.6% (standard = lx), 1.2% (2x), and 1.8% (3x) density scaffolds
instead, as the protocol for fabricating them had been optimized in previous research.
l
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Low density CG scaffolds
The CG sheets were weighed and its dimensions measured to compare the actual relative
density with the expected density. The length and width of the sheets were measured three times
with calipers and averaged. The thickness of the scaffolds was taken as the average of the
specimens whose gauge lengths had been measured by the Zwick/Zoell tester, with a standard
deviation of around 4% for the lx scaffold, 10% for the 2x scaffold, and 7% for the 3x scaffold.
Since the scaffolds had samples punched out before crosslinking, the volume cut out was
assumed to be a cylinder of average thickness with a surface area calculated from the area of the
biopsy punch. The mass of the samples was measured by difference by placing the scaffold
within an aluminum foil packet using a Sartorius CP124S analytical balance (Sartorius AG,
Goettingen, Germany) and subtracting the weight of the foil. The difference between the actual
relative density as compared to the relative density expected from the composition of the slurries
increased as the percent by weight collagen and GAG added to the slurry increased.
iz~r 'o k 2' ' c . 3, .rAs,,, .
:.: ? ? ::i ..~/..:~./::'.=i"'~- .:. ........... .. ' .. 
Average Thickness, mm 2.89 + 0.11 2.79 ± 0.27 2.96 + 0.22
Density, g/cmA2 0.0077± 0.0003 0.0127 + 0.0013 0.0135 + 0.0010
Actual relative density, % 0.59 0.98 1.04
Expected relative density, % 0.60 1.20 1.80
Table 1. Density values for the scaffolds.
Mechanical Testing
At least five samples of each type of scaffold were tested under unconfined uniaxial
compression. The following figures show the series of stress versus strain curves extrapolated
from the force versus displacement curves measured by the mechanical tester (Figures 4-7).
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All three regions of foam behavior can be observed in the Ix crosslinked sample (Figures
4 and 5). For the lx specimens, all five runs showed good repeatability. Many of the plots
overlay each other.
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Figure 4. Ix crosslinked stress-strain curve of compression to 95% strain and unloading to 60% strain.
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Figure 5. Ix crosslinked stress-strain curve of compression, zoomed in to magnify the linear elastic and plateau
regions.
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As can be seen from Figure 6, the approximately two times density scaffolds showed
more variability in their behavior, though all three regions of the plot are observed, indicating
that the three deformation mechanisms are all in play. In some runs - most notably run 6 - the
transition between the linear elastic region and the buckling plateau is much more subtle and less
defined.
0.98% Collagen-GAG Dry, Crosslinked: Stress vs. Strain
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Figure 6. 2x crosslinked stress-strain curve of compression, zoomed in to magnify the linear elastic and plateau
regions.
For the 3x samples, there is much more variability in the stress-strain behavior than either
of the two lower density scaffolds (Figures 7 and 8). Figure 8 magnifies the regions where the
transitions between linear elastic and buckling and between buckling and densification should
occur. The transition between the first two regimes of deformation is not observed at all for
several of the samples.
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1.04% Collagen-GAG Dry. Crosslinked: Stress vs. Strain
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Figure 7. 3x crosslinked stress-strain curve of compression.
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Figure 8. 3x crosslinked stress-strain curve of compression, zoomed in to magnify the linear elastic and plateau
regions.
From curve fitting the linear elastic and plateau regions with a simple linear regression,
equations were found for both regions. The Young's modulus, critical stress and strain, and the
slope of the plateau region were computed. The results are summarized in Table 2 below. As
expected, the standard deviation for the 2x samples was much larger than those for the Ix
- Sample 1, Run 1
- Sample 2, Run 2
Sample 3, Run 3
Sample 4, Run 4
- Sample 5, Run 5a-
Y.
n'toI
-Sample 1, Run 1
- Sample 2, Run 2
Sample 3, Run 3
---- Sample 4, Run 4
- Sample 5, RunS
fU
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sample, likely due to variability in the sample. Though the initial slurry composition was twice
that of the standard slurry, the final product's density was a bit lower. The 3x scaffold showed
similarly large standard deviations. Furthermore, its modulus and critical stress and strain values
were all lower than that for the 2x scaffold, despite the 3x scaffold having higher average density
than the 2x sample. SEM imaging was performed to determine what visible structural differences
may account for some of the variability in the mechanical properties.
Densiy
(gm, pips E* Pa) .,* (Pa) /* AE (Pa)
lx
crosslinked 0.0770 0.0059 36439 + 1634 5484 + 467 0.1560 + 0.0068 12300 + 862
2x
crosslinked 0.0127 0.0098 60257 + 10823 10316 + 2163 0.2117 ± 0.0266 38061 + 7167
3x
crosslinked 0.0135 0.0104 54487 + 7098 6983 + 3571 0.15001± 0.0478 62184 + 9846
Table 2. Summary of mechanical properties extrapolated from stress-strain plots.
From Harley's previous work, it is expected that since the buckling is elastic, the strain
should be recoverable and the scaffold would eventually regain all of its height except for the
densification region.10 However, two months after testing, the current thickness of the samples
were re-measured using the Zwick tester. It was found that on average 46.5% of the original
thickness was recovered in the lx crosslinked scaffolds. For the 2x crosslinked scaffold, an
average of 73.5% of the strain was recovered, and one sample was actually thicker after
compression testing.
SEM
Both the crosslinked and un-crosslinked lx, 2x, and 3x samples were imaged under
scanning electron microscopy at a range of magnifications (from 20 to 250x). Figures 9 through
11, as well as Appendix A are representative micrographs of the different densities at various
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magnifications. As expected, the crosslinking did not visibly change the structure of the
scaffolds. From Figure 9, the pores of the lx scaffold appear very regular and homogeneously
distributed through the bulk. There are a few small regions of higher density as indicated by
brighter regions on the SEM. However, the 2x scaffold, as expected from the mechanical
properties, showed voids - areas with no collagen-GAG that are several times the size of the
pores - and larger regions of higher density. The 3x scaffold had yet higher amounts of denser
regions and void space.
lx uncrosslinked lx crosslinked
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Figure 9. SEM images of the Ix, 2x, and 3x crosslinked and uncrosslinked scaffolds at 20x magnification. For the 2x
and 3x uncrosslinked samples, some of the blurriness at the bottom of the sample is due to uneven cutting
because of dulling of the biopsy punch cutting edges.
When the scaffold was removed from the mold after freeze-drying, it was observed that
some regions had adhered to the pan and others had pulled away. Imaging of regions of the
scaffold of varying thicknesses all showed the presence of voids and denser regions. Rough
calculations of the amount of space taken up by the voids and the areas nearby in the 2x scaffold
find that at least 8% of the cross-section consists of the empty void space and the denser regions
of scaffold near the void. Figure 10 shows that the regions near the void space have much
smaller pores that align with the perimeter of the voids. However, since the scaffolds are
inherently porous and the cross-section is uneven, it may be possible that an even greater
percentage of the scaffold has voids. If voids were cut through along the specimen along a chord
not through the diameter of the void, they may result in shallow depressions that are not easily
distinguishable by SEM.
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Figure 10. Zoomed in SEM image of a void in the 2x CG scaffold. The lighter regions indicate denser regions of
scaffold. The voids are rounded voids many times the diameter of the pores. The pores near the void are
distorted and not isotatically distributed.
Figure I 11 consists of a series of high magnification SEM images of the scaffolds. The lx
scaffold seems to have struts that are straighter than the 2x, whose pores also look more
irregular. The struts on the 3x scaffolds vary in thickness and density (as indicated by increased
brightness in the image) along their length, and the pores appear the most irregular of the three
densities.
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Zx crossinke, ma ication = 100
Figure 11. 100x and 250x magnification of Ix, 2x, and 3x crosslinked CG scaffolds. Larger images can be found in
Appendix A.
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Comparison with Theoretical Model
Comparing the experimental values with the open-cell foam model, all three density
scaffolds are very close to the predicted values. The theoretical model for the Young's modulus
underestimates the experimental lx density value and overestimates the experimental 2x and 3x
density values (Figure 12). For the critical elastic stress, the experimental values are slightly
higher than would be expected from theory (Figure 13).
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Figure 10. Young's modulus ratio versus the relative density of the scaffolds. The thick line shows the experimental
data divided by the Young's modulus of a strut (762 ± 35 MPa).
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Figure 11. Critical elastic stress before strut buckling versus the relative density of the scaffolds.
The deviations from the predicted values may be accounted for by a combination of the
difficulty in measuring the density of the scaffolds and heterogeneity in the porous structure -
the areas of higher density and lower density (voids). The single greatest contributor to the
deviation from theory is probably due to inaccuracies in measuring the scaffolds, especially in
weighing the relatively light sheets. It would have been preferable to normalize each modulus
and stress reading by the density of that particular specimen, as some scaffolds have more void
space than others, etc., but since the 8 mm test samples were only fractions of a milligram in
mass, the accuracy of the scale was insufficient. Even in weighing entire sheets, it was difficult
to achieve a stable reading of the mass.
1 Ina
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As to structural reasons for the deviation, the Ix density scaffold showed no voids and
only a few denser regions in the seven samples were examined under SEM. The 2x and 3x
density scaffolds showed some voids but also dense regions near the voids that contained smaller
pores. An attempt was made to use the composite model to determine the effects of the void
regions but since there are two competing effects, that of decreasing stiffness due to void space
and increasing stiffness due to the increased density around the void space, that approach was
ultimately abandoned. Also contributing to the difficulty in quantifying the change in mechanical
behavior expected is that the relative density is a calculation from averaged values while the
specimens have varying amount of voids, dense regions, and thicknesses. In order for certain
regions to be denser, the density of all the other regions has to be decreased.
Under SEM, it was also seen that the struts of the pore were not straight to begin with. It
may be possible that some number of the struts in the scaffold were acting as beam-columns so
that there was no sharp transition between the bending and buckling regimes. This may explain
why the transition between the linear elastic and buckling regions was more subtle for some of
the 2x density specimens and were often not visible for the 3x density tests. Initial testing also
involved 3x density scaffolds. Those scaffolds under SEM showed even more heterogeneity than
the 2x specimens and an even more subtle transition between the bending and buckling regions
of the stress-strain curves. Further investigations of the higher density scaffolds was halted at this
point since the open-cell model, even in conjunction with the composite model, has good
predictive value only when the composition and mechanical behavior of each component of the
scaffold is known.
Initially, samples hydrated overnight in PBS were also tested. However, the stress-strain
curves also lacked the behaviors expected of an open-celled scaffold. The advent of bending and
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some buckling before load was applied may also explain an observation made of the hydrated
scaffolds, that when specimens was removed from hydration and placed on a KimWipe, some
samples flattened as they dried rather than maintain their original form.
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Conclusion
In this research, experimental data on the mechanical properties of different relative
densities of scaffold is compared to the values predicted by the open-celled foam model. The
pores of a collagen-GAG scaffold are modeled as tetrakaidecahedral unit cells to arrive at a value
of 1 for the geometric constant in the calculation for the Young's modulus and 0.05 for the
elastic stress. The elastic modulus of the individual struts was measured by Brendan Harley to be
762 + 35 MPa.'O The final and dominating variable is the relative density of the scaffold.
The density is related to the modulus and stress by the square of the density. It is in this
calculation that the greatest error is introduced. It would have been optimal to measure the mass
of each scaffold and calculate its density individually in case some regions of the scaffold sheet
are denser than others. It is very possible that the scaffold is not entirely homogeneous since for
all the sheets the thickness varied. Furthermore, after the freeze-drying process, the scaffold had
shrunk in length and width and pulled off of the mold in some areas due to the shrinkage.
However, considering that the uncertainty of the microscale was ± 0.1 mg, and the samples
weighed between 0.0009 and 0.0024g, the decision was made to calculate an overall density
from the entire sheet and average the values of the compression tests. Even as a sheet, measuring
the mass often led to unstable readings, and it was only after repeated tries that the mass was able
to be taken.
The variation in density from that expected from the slurry composition may also be due
to the long storage time before the slurries was used. The slurries had been stored at 4°C for over
a year. Upon decanting the slurries, more viscous "strings" of CG could be seen adhering to the
walls of the air-tight jar; perhaps the liquid had separated out from the slurry more than expected,
leading to a lower density measured for the scaffold. Additionally, some of the more viscous
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portions of the slurry were left behind in the bottle, and a great deal of shear blending was
required to remove most of the clumps from the slurry.
The particular model and equations used here also assumes a uniform matrix composed of
homogeneous pores that are isotropic under mechanical stress. However, as SEM imaging
showed, the x scaffolds had some regions of higher density, and the 2x and 3x scaffolds had
larger regions of higher density as well as large void spaces. All of these heterogeneities can
affect the measured mechanical properties. In order to determine the effects of the void and
denser regions, further testing involving dissecting out the regions of interest and measuring the
stiffness using AFM would be required to calculate for the bulk modulus and stress values using
the composite model.
Under SEM, it was also seen that the struts of the pore were not straight to begin with. It
may be possible that some number of the struts in the scaffold were acting as beam-columns.
This may explain why the transition between the linear elastic and buckling regions was so
subtle. The advent of bending and some buckling before load was applied may also explain an
observation made of the hydrated scaffolds, that when specimens was removed from hydration
and placed on a KimWipe, some samples flattened as they dried rather than maintain their
original thickness.
Overall, the experimental data agrees very well with the theoretical model. Further
research needs to be performed to consider the effects of the heterogeneities of the scaffolds on
its mechanical properties and on whether the voids are caused by bubbles that could have been
eliminated with a more thorough degassing step or whether there are inherent difficulties in
homogenizing higher density scaffolds that may be resolved during steps earlier in the
manufacture of the scaffold.
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Appendix A
SEM Images of CG scaffolds
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SEM of lx crosslinked scaffold
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SEM of 2x crosslinked scaffold
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SEM of 3x crosslinked scaffold
